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Activated PI3K Delta Syndrome (APDS) is a primary immunodefi-
ciency disease caused by activating mutations in either the
leukocyte-restricted p1106 catalytic (PIK3CD) subunit or the ubig-
uitously expressed p85a regulatory (PIK3R1) subunit of class IA
phosphoinositide 3-kinases (PI3Ks). There are two classes of APDS:
APDS1 that arises from p1106 mutations that are analogous to
oncogenic mutations found in the broadly expressed p110a sub-
unit and APDS2 that occurs from a splice mutation resulting in
p85a with a central deletion (A434-475). As p85 regulatory sub-
units associate with and inhibit all class IA catalytic subunits,
APDS2 mutations are expected to similarly activate p110a, f,
and §, yet APDS2 largely phenocopies APDS1 without dramatic
effects outside the immune system. We have examined the molecular
mechanism of activation of both classes of APDS mutations using a
combination of biochemical assays and hydrogen-deuterium ex-
change mass spectrometry. Intriguingly, we find that an APDS2 muta-
tion in p85« leads to substantial basal activation of p1105 (>300-fold)
and disrupts inhibitory interactions from the nSH2, iSH2, and cSH2
domains of p85, whereas p110a is only minimally basally activated
(~2-fold) when associated with mutated p85«. APDS1 mutations in
p1105 (N334K, E525K, E1021K) mimic the activation mechanisms pre-
viously discovered for oncogenic mutations in p110c. All APDS muta-
tions were potently inhibited by the Food and Drug Administration-
approved p1105 inhibitor idelalisib. Our results define the molecular
basis of how PIK3CD and PIK3R1 mutations result in APDS and reveal a
potential path to treatment for all APDS patients.
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he class I phosphoinositide 3-kinases (PI3Ks) are responsible

for the generation of the key lipid-signaling molecule phos-
phatidylinositol (3-5) Tris-phosphate (PIP;), which is vital for
the recruitment of effector proteins containing PIP;-binding
domains, leading to transduction of extracellular signals at the
plasma membrane. PI3Ks are activated downstream of a number
of signaling inputs, including receptor tyrosine kinases (RTKSs),
G-protein—coupled receptors, and the Ras superfamily of GTPases
(1). The spatiotemporal production of PIP; is tightly controlled,
regulating downstream pathways involved in cell growth, death,
and proliferation (2). Misregulation of class I PI3K activity through
either activating or inactivating mutations underlies a number of
human diseases including cancer (3), developmental disorders (4),
and primary immunodeficiencies (5-7).

The three class IA PI3Ks are obligate heterodimers composed
of a catalytic subunit (p110a, p110p, or p1103) and an associated
regulatory subunit (p85a, p85p, pS0a, pSSa, or p55y). The dif-
ferent p110 catalytic subunits have distinct tissue expression
profiles, with p110a and p110p being ubiquitously expressed and
p1103 being primarily expressed in immune cells (8). Binding of
the ubiquitously expressed regulatory subunit p85 to the p110
catalytic subunit plays three key roles: (i) it stabilizes the catalytic
subunit, (if) it inhibits catalytic activity, and (iii) it mediates ac-
tivation downstream of phosphorylated RTKs and their adaptors
(9). Both p110 catalytic and p85 regulatory subunits are large,
multidomain proteins. All class IA p110 subunits are composed
of an adaptor-binding domain (ABD) that mediates binding
to p85, a Ras-binding domain (RBD), a C2 domain, a helical
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domain, and a bilobal kinase domain. All p85 regulatory subunits
contain two SH2 domains (nSH2 and cSH2) linked by a coiled-coil
region referred to as the inter-SH2 domain (iSH2). The class IA
p110 catalytic subunits are differentially inhibited by p85, with
p110a containing inhibitory contacts between the nSH2 domain of
p85 and the C2, helical, and kinase domains of p110a, as well as
between the iSH2 domain of p85 and the C2 domain of p110a
(10). Both p110p and p1108 contain an additional regulatory
contact between the cSH2 of p85 and the kinase domain (11-13).
Recruitment of the SH2 domains to phosphorylated receptors and
their adaptors disrupts both nSH2 and cSH2 inhibitory contacts.
The catalytic domain also contains intramolecular inhibitory in-
teractions between the ABD and kinase domains. Activating on-
cogenic mutations in p110a mediate activation by disruption of
these inhibitory interfaces, a process that normally occurs during
the catalytic cycle of the enzyme on membranes (14).

The complex of p1108 with p85w (referred to hereafter as
PI3K$) plays a critical role in regulating the immune system (5,
15). The importance of PI3KS is highlighted by mutations that
either activate or inactivate PI3K$ in patients with immunode-
ficiency. Activated PI3K Delta Syndrome (APDS), class 1 or
class 2, is a primary immunodeficiency characterized by hetero-
zygous, gain-of-function mutations in PI3K3. Class 1 APDS
(APDS1) mutations occur in the PIK3CD gene encoding the
p1108 catalytic subunit, resulting in single-amino-acid substitu-
tions throughout the primary sequence (6, 7). They occur in re-
gions analogous to oncogenic mutations in p110a. Class 2 APDS
mutations occur in the PIK3RI gene (APDS2), encoding the p85a
regulatory subunit. They lead to a splice site mutation that ex-
cludes exon 11, resulting in a deletion within the N terminus of the
iSH2 coiled-coil domain (A434-475) (16, 17). Patients with either
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form of APDS have increased PIP5 levels, defects in B- and T-cell
functions, recurrent respiratory infections, and increased suscep-
tibility to herpes viruses (5). The clinical phenocopy of APDS1
patients with mutations in p1105 by APDS2 patients with muta-
tions in p85a is surprising, as p85a can associate with any of the
class IA catalytic isoforms, and it would be expected that activa-
tion of PI3Ka would lead to oncogenic transformation or over-
growth syndromes. Because p85a mutations leading to increased
p110 lipid kinase activity were shown to be oncogenic when as-
sociated with p110a (18, 19), it could be expected that if p110a
were activated by p85 APDS2 mutations, this could lead to
oncogenesis.

To understand the molecular mechanism for how APDS mu-
tations activate PI3KS, we examined both the conformational
dynamics and the lipid kinase activity for both APDS1 and
APDS2 mutations using hydrogen—deuterium exchange mass
spectrometry (HDX-MS) and biochemical assays. The APDS2
p85a splice variant was examined with both p110a and p1108,
and unexpectedly we found that this variant of p85a leads to a
selective activation of PI3K§ with only a minimal effect on
PI3Ka activity. HDX-MS revealed that the p85a splice variant
disrupted all inhibitory interactions between p85a and p1103,
whereas only a partial disruption of p85-mediated inhibitory
interactions was observed in pl110a. HDX-MS experiments car-
ried out on wild-type (WT) PI3K and APDS1 mutants revealed
that activation of PI3K& occurs by a mechanism similar to on-
cogenic mutations in PI3Ka (14). We also found that all APDS1
and APDS2 mutants are similarly inhibited by the potent p1108
inhibitor idelalisib (20). Our results provide molecular insights
into the conformational mechanisms by which PI3KS is activated
in primary immunodeficiencies and reveal how mutations in
PIK3RI (p85a) can specifically phenocopy gain-of-function mu-
tations in PIK3CD (p1108).

Results

Lipid Kinase Activity of APDS Mutations. To understand how clinical
mutations in the catalytic (p1108) or regulatory subunits (p85a)
alter the function of PI3KS, we characterized the lipid kinase
activity of both APDS1 and APDS2 mutants. Because the p85«
subunit pairs with all class IA p110 subunits, we characterized
the differential effects of the APDS2 splice variant [p85ax (A434—
475)] on pl110a versus pl1106 (Fig. 1). The APDS2 deletion
removes the first 42 residues of helix al in the iSH2 coiled-coil.

= 1000+

=
% 8004

28

>

£ © 6004

% ] g

i 0 0
@ 3 4001

A = (]

AL 4 Evo
N334K T » iSH2 £ 2001

APDS2 p8 Kinase )
deletion Kinase domain L o

N334

In WT PI3K complexes, this region interacts with helices a2 and
a3 in the iSH2 coiled-coil and makes contacts with the C2 and
kinase domains of the catalytic subunit (SI Appendix, Fig. S1D).
The APDS1 mutations studied include three previously de-
scribed mutations in the C2 domain, the helical domain, and the
kinase domain (N334K, E525K, and E1021K, respectively).
N334K and E525K mutations are located at the C2-iSH2 and
helical-nSH2 interfaces, respectively (SI Appendix, Fig. S1C).
E1021K is located in the catalytically important C terminus of
the kinase domain near the lipid-binding region and the kinase—
cSH2 inhibitory interface with p85 (SI Appendix, Fig. S1C). Lipid
kinase experiments on PI3K complexes were carried out on
phosphatidylserine vesicles containing 5% PIP, in both the
presence and the absence of a phosphopeptide (referred after-
ward as pY) to mimic activation by RTKs.

Lipid kinase activity of APDS2 splice variants. Intriguingly, the APDS2
splice variant showed a very large isoform-specific difference in
basal lipid kinase activity. The APDS2 p85a splice variant with
p1108 showed an ~400-fold increase in activity over the WT
p1108/p85a complex (Fig. 1C). However, the APDS2 p85a splice
variant with p110a was minimally activated (approximately two-
fold) compared with WT pl10o/p85c (Fig. 1C). The PI3K3
complex with the APDS2 p85a splice variant appeared to be close
to fully active in the absence of stimulation (—pY) and showed
only limited activation upon pY stimulation (approximately two-
fold). In contrast, the PI3Ka complex with the APDS2 p85a splice
variant was further activated in the presence of pY, with an ~10-
fold increase in lipid kinase activity upon pY stimulation. This
indicates that the SH2 inhibitory interfaces from p85a are almost
fully disrupted in PI3K$, whereas the nSH2-helical inhibitory in-
terface is likely partially conserved in the PI3Ka APDS2 complex.
The PI3Ka APDS2 p85a complex was more active than WT
PI3Ka in the presence of pY.

Lipid kinase activity of APDST mutants. The basal lipid kinase activity
(—pY) of all APDSI mutants results in a significant activation
compared with WT, with ES25K showing the highest level of ac-
tivation (~60-fold), followed by N334K (~40-fold), and E1021K
(~20-fold) (Fig. 1D). The activation of basal lipid kinase activity by
p1108 mutants is very similar to the activation of p110a by on-
cogenic mutations in similar positions (14), with the exception of
E1021K, which is not as potently activated as the H1047R muta-
tion in p110a. The ES25K mutant disrupts the inhibitory interface
between the nSH2 and the p1108 helical domains, mimicking
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Fig. 1. APDS1 and APDS2 mutants lead to increased basal and pY-activated lipid kinase activity compared with WT. (4) The location of APDS mutations in

p1108/p85a is mapped on a model of the PI3K& complex based on the structure of the p1108/p85a iSH2 complex [Protein Data Bank (PDB): 5DXU (37)] with the
nSH2 modeled from the PI3Ka structure [PDB: 3HHM (38)] and the cSH2 modeled from the PI3Kp structure [PDB: 2Y3A (13)]. The nSH2 and cSH2 are shown as
transparent, with APDS1 mutations shown as pink spheres. The APDS2 truncation in the iSH2 is white. Full molecular details of the APDS mutants are shown in
SI Appendlix, Fig. S1. A domain schematic of p1108/p85a is included with inhibitory interfaces highlighted. (B) Fold activation of APDS2 mutation in the
context of PI3Ka and PI3KS. Lipid kinase assays of WT PI3K5 or PI3Ka with WT p85a or the APDS2 p85a splice variant [p85a (A434-475)] in the presence (+pY)
or absence (basal) of a stimulating RTK-derived phosphopeptide (1 pM). Specific activity was normalized to WT (p1108/a-p85a). (C) Fold activation of APDS1
mutations in p11038 in the presence (+pY) or absence (basal) of a stimulating RTK-derived phosphopeptide. Assays measured the production of ADP in the
presence of 0.1-100 nM of enzyme, 100 uM ATP, and 5% PIP,/95% PS vesicles. Kinase assays were performed in triplicate (error shown as SD; n = 3).

Dornan et al. PNAS | February 21,2017 | vol. 114 | no.8 | 1983

IMMUNOLOGY AND
INFLAMMATION


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1617244114/-/DCSupplemental/pnas.1617244114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1617244114/-/DCSupplemental/pnas.1617244114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1617244114/-/DCSupplemental/pnas.1617244114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1617244114/-/DCSupplemental/pnas.1617244114.sapp.pdf

L T

z

1\

BN AS  DNAS P

activation downstream of pY stimulation, so it would be expected
that this mutation would cause the largest increase in activity. The
equivalent position in p110a, ES45K, leads to full activation, and
no further stimulation is achieved by the addition of pY. The lack
of full activation in p1103 is consistent with the additional in-
hibitory cSH2-kinase domain interface present in p1105 (11, 12).
Both the APDS1 mutants and WT PI3K§ were activated by
pY, with all APDS1 mutants being hyperactivated compared
with WT. E1021K showed the highest level of hyperactivation
(~3-fold), followed by N334K (~2-fold), with E525K being the
least hyperactivated (~1.5-fold). The overall trend in activation
of RTK-stimulated activity of PI3K by APDS1 mutants closely
matches the results for oncogenic mutations in p110a; however,
a much lower activation fold was displayed by E1021K in p1108
compared with the similar H1047R mutation in p110a (14).

HDX-MS of PI3KS. To understand the conformational dynamics of
how both APDS1 and APDS2 mutations mediate activation of
PI3KS, we carried out HDX-MS experiments. HDX-MS is a
powerful bio-analytical technique that measures the exchange of
amide hydrogens with deuterated solvent. As the main deter-
minant of amide exchange is involvement in secondary structure
(21), HDX-MS acts as a powerful readout of protein confor-
mational dynamics. It has been applied to study protein—protein
(22), protein-membrane (23), and allosteric conformational
changes in large macromolecular complexes (24). We have
previously applied it to study the molecular basis of oncogenic
mutations in PI3Ka and have revealed a set of conformational
changes involved in the activation of PI3Ka activity (14), as well
as revealing a cSH2-mediated inhibition of PI3K& (12). We
carried out HDX-MS under three states for WT and APDS1
mutations of PI3K$§: basal, pY peptide-activated, and pY-acti-
vated bound to vesicles mimicking the plasma membrane. Ex-
periments on APDS2 mutations in PI3Kd and PI3Ka were
carried out under basal conditions. A representative set of raw
and processed HDX-MS data are shown for a single peptide in
SI Appendix, Fig. S2.

Our HDX-MS data for the WT p1108/p85a and its activation
by both pY and membrane binding were consistent with previous
results (SI Appendix, Fig. S3) (11, 12). These data are consistent
with the previously proposed mechanism of activation requiring
four distinct conformational steps: disengagement of the p85
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SH2 domains upon pY binding from the p110 helical and kinase
domains; disruption of the p110 C2-p85 iSH2 interface; reor-
ientation of the p110 ABD relative to the p110 kinase domain;
and, finally, interaction of the kinase domain with the membrane
and resident PIP, substrate.

HDX-MS Reveals That APDS2 Mutations in PIK3R1 Lead to Disruption
of Inhibitory Interfaces in PI3K3. To investigate the molecular
mechanisms by which APDS2 mutations in PIK3RI led to con-
siderable activation of PI3KJ, we used HDX-MS to compare
dynamics of WT p1108/p85a and WT p1105/A434-475 p85a.
The full set of all peptides analyzed for both p1108 and p85u is
shown in SI Appendix, Fig. S4. A number of regions in both
p1108 and p85ax of the APDS2 mutant PI3K8 showed significant
changes (defined as greater than 7% and 0.7 Da change in
deuterium incorporation at any time point) compared with WT
(Fig. 2). Within p85, peptides spanning the nSH2-helical in-
terface and cSH2-kinase interface had large increases in ex-
change, suggesting that the APDS2 p85 deletion disrupts both
the nSH2 and the ¢SH2 inhibitory inputs. Apart from the iSH2
portion that contacts the ABD and remained unaffected, all of
the iSH2 showed considerable increases in exchange (>50%) and
were fully deuterated at 3 s of exposure with D,0, indicating a
lack of secondary structure. This includes the inhibitory contacts
between the iSH2 and C2 domains.

Several regions in the p1103 catalytic subunit showed increases
in HDX in the APDS2 mutant compared with the WT (Fig. 2),
including many regions with similar increases in HDX upon ei-
ther pY binding or membrane binding in the WT. This included
the ABD-RBD linker and the ABD domain at the interface with
helix ol of the iSH2, as well as the interface with the kinase
domain (SI Appendix, Fig. S4). Every inhibitory interface with
the p85 subunit showed increases in HDX, including the C2-
iSH2, helical-nSH2, and kinase-cSH2 interfaces. A network of
connected secondary structure elements in every domain of the
catalytic subunit had increased HDX, suggesting a possible de-
stabilization of the catalytic subunit. Together, the HDX results
for p1108 bound to the APDS?2 splice variant of p85 implied that
the removal of the first helix al of the iSH2 leads to a disruption
of all inhibitory interfaces on the kinase domain of p1108.
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Fig. 2. HDX-MS reveals that APDS2 mutation in p85«a leads to disruption of inhibitory interactions in PI3K3. (A) Peptides in p1105 and p85a that showed
differences in HDX both greater than 0.7 Da and 7% in the APDS2 p85a mutation compared with the WT are highlighted on the structural model from Fig. 1A
according to the legend. nSH2 and ¢SH2 are shown disconnected from the catalytic subunit as the HDX data suggest that these interfaces are disrupted. (B)
Time course of deuterium incorporation for a selection of peptides in both p1105 and p85a with differences in HDX in the APDS2 p85a mutant (error shown as
SD; n = 3). (C) Schematic model of WT PI3K& and conformational changes that occur in the complex with the APDS2 splice variant of p85.
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HDX-MS Reveals That APDS2 Mutations in PIK3R1 Lead to Partial
Disruption of Inhibitory Interfaces in PI3Ka. To understand how
the APDS?2 splice variant of p85a led to only a partial activation
of PI3Ka compared with PI3K8, we carried out HDX-MS ex-
periments on the complex of WT pl110o/p85a and a complex
containing p110a with the p85a APDS2 splice variant (Fig. 3).
The full set of all peptides analyzed for both p110a and p85a is
shown in ST Appendix, Fig. S5. Compared with WT p85a, asso-
ciation with the p85a APDS2 splice variant caused large in-
creases in HDX in the p110a catalytic subunit in the ABD-RBD
linker, and the p85 inhibitory C2-iSH2, C2-nSH2, and helical-
nSH2 interfaces, similar to regions that showed increases in ex-
change either upon pY or membrane binding in the WT (14).
Within peptides spanning p85a there were numerous regions
that showed increases in HDX. The iSH2 coiled-coil outside of
the ABD interface showed very large increases in HDX, similar
to the APDS2 PI3KS complex, suggesting that in both complexes
the p85a splice variant leads to large portions of the iSH2 be-
coming disordered. Intriguingly, regions of the nSH2 in contact
with the catalytic subunit showed increases in exchange, sug-
gesting that part of the interface is disrupted. However, these
changes were less pronounced than those seen in the APDS2
PI3K3 complex. This is best highlighted by a region in the nSH2
that directly contacts the kinase domain (residues 356-371) that
showed a larger increase in exchange in the APDS2 PI3K$§
complex compared with the APDS2 PI3Ka complex (Fig. 3C).

HDX-MS Reveals That APDS1 Mutations in p1105 Mimic the Activation
Mechanism of Oncogenic Mutations in p110a. To understand the
molecular basis for how APDS1 mutations in the catalytic sub-
unit of p1108 modify the dynamic regulation of PI3K3, we carried
out HDX-MS experiments in three states: basal, pY-activated, and
pY-activated bound to membranes for WT PI3K$ and PI3K$§
APDS1 mutants (E525K and E1021K). The full set of peptides for
both p1108 and p85c under all conditions and time points is
shown in SI Appendix, Fig. S6, with differences between states for
highlighted peptides shown in SI Appendix, Figs. S7 and S8. The
differences in exchange between WT PI3K& and APDS1 mutants
showed that APDS1 mutants mimic and enhance conformational
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dynamics seen in the activation of the WT enzyme, a mechanism
that is similar to the activation of p110a by oncogenic mutations
(Fig. 4). For E525K, there were increases in exchange at both sides
of the helical-nSH?2 interface, similar to the change seen in pY-
binding experiments. The E1021K mutant showed increases in
exchange in the C terminus of the kinase domain. An unanswered
question for E1021K was whether this mutation also led to dis-
ruption of the cSH2-kinase interface, as this mutation is located
within 6 A of the cSH2; however, there were no differences in
exchange within the cSH2 between WT and PI3K$-E1021K,
suggesting that this interface is preserved. All APDS1 mutants
showed larger decreases in exchange upon membrane binding
compared with the WT, suggesting that the increased lipid kinase
activity upon pY stimulation for these mutants is at least partially
due to enhanced membrane binding (SI Appendix, Figs. S6-S8).

Both APDS1 and APDS2 Mutations in PI3K3 Are Potently Inhibited by
the PI3K5-Specific Inhibitor Idelalisib. To determine if conforma-
tional differences identified in both APDS1 and APDS2 mutants
of PI3KS would lead to differential inhibition by ATP competi-
tive kinase inhibitors, we carried out lipid kinase assays in the
presence or the absence of the clinically approved PI3KS$ in-
hibitor idelalisib (25). For all APDS1 and APDS2 mutants in
p1108 and p85a, respectively, there were very similar ICs, values
compared with the WT (Fig. 54), indicating that all might be
targetable by idelalisib.

Discussion

Understanding the molecular mechanisms by which APDS1 and
APDS2 mutations in PIK3CD and PIK3RI activate PI3KS is
essential in the design of novel therapeutic strategies aimed at
treating patients suffering from APDS. APDS1 mutations were
initially identified in patients with primary immunodeficiencies
in PIK3CD, with mutations identified at E1021K (7), as well as at
C416R (26), N334K, and E525K (6) in the catalytic p1105 sub-
unit. This discovery was rapidly followed by the discovery of a
APDS2 mutation in PIK3RI associated with primary immuno-
deficiency (16, 17). That mutation resulted in a deletion within
the N terminus of the iSH2 domain. Since then, over 100 primary
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Fig. 3. HDX-MS reveals that APDS2 mutation in p85« leads to partial disruption of inhibitory interactions in PI3Ka. (A) Peptides in p110a and p85a that
showed differences in HDX both greater than 0.7 Da and 7% in the APDS2 p85a mutation compared with the WT are highlighted on the structure of p110«
bound to the nSH2 and iSH2 of p85« [PDB: 3HHM (38)]. The nSH2 domain is shown disconnected from the catalytic subunit, as the HDX data suggest that this
interface is partially disrupted. (B) Time course of deuterium incorporation for a selection of peptides in both p110a and p85a with HDX differences in the
APDS2 PIK3R1 mutant. (C) HDX exchange levels for the APDS2 complex of PI3Ka and PI3K& compared with WT for a peptide in the nSH2 of p85« located at the
nSH2-kinase interface at the 300-s time point. Error bars in all graphs represent SD (n = 3). (D) Schematic model of WT PI3Ka and conformational changes that
occur in the complex with the APDS2 splice variant of p85a.
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immunodeficiency patients have been identified with either
APDSI or APDS2 mutations (27, 28). Patients with APDS ex-
hibit a heterogeneous set of clinical features, including symptoms
of both immune deficiency and immune dysfunction (5).

PI3KS is activated in immune cells downstream of phosphor-
ylated receptors, including cytokine receptors, toll-like receptors,
FceR, and indirectly downstream of the T-cell or B-cell receptor
(15). Mutations in these subunits leading to either gain or loss of
function in PI3KS3 result in defects in the immune system. Mice
lacking the regulatory p85a subunit had defects in B-cell devel-
opment and proliferation (29), and mice containing a kinase-
dead mutation in the p1108 catalytic subunit showed impaired
immune function and deficient antigen receptor signaling in both
B and T cells (30). Patients with immune cell defects had loss-of-
function mutations in PIK3R1 (31) and PIK3CD (32). The fact
that patients with immune diseases have been identified with
mutations leading to either gain or loss of function of PI3K&
shows that PIP; levels must be precisely controlled for proper
immune cell function. Consistent with this, primary immunodefi-
ciency patients have been identified with loss-of-function mutations
in the phosphatase PTEN (33) that antagonizes the PI3K pathway.

One of the most complicated questions regarding APDS mu-
tations identified so far is why germline APDS2 mutations in
PIK3RI (p85a) primarily seem to phenocopy the activating
APDS1 mutations in PIK3CD, but do not directly affect oncoge-
nicity as PIK3CA mutations. The p85a subunit is ubiquitously
expressed, and several somatic point mutations in the iSH2 do-
main have been identified as oncogenic (19). A variety of somatic
mutations resulting in in-frame deletions and insertions in the
region from 434 to 475 in the iISH2 have been identified in en-
dometrial carcinomas (12 in total, with A450-451 and A457-461
in p85a as examples) with two patients identified with the A434—
475 mutant in p85a (18). However, in a cohort study of APDS2
patients with germline mutations resulting in a A434-475 p85a,
the main increased oncogenic risk appeared to be lymphoma (34),
with so far no evidence that patients with the APDS2 splice variant
have any increased cancer risk outside the immune system. The
only nonimmune defect so far identified is growth retardation
(27), which has also been identified in SHORT syndrome, a dis-
order that is caused by heterozygous mutations in PIK3RI that
prevent RTK binding, leading to altered PI3K signaling (4).

Our biochemical and structural studies show that the APDS2
mutant of p85a leads to a substantial basal activation of PI3KS at a
level close to the fully activated state when bound to phosphopeptide
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mimicking RTK stimulation. The APDS2 complex of PI3Ka was
only weakly basally activated and was hyperactivated by RTK pY.
HDX-MS results showed a disruption of the C2-iSH2 and
reorientation of the ABD in the PI3Ka APDS2 complex, and
this provides a possible mechanism for RTK pY hyperactivation
compared with WT. The APDS2 PI3K$ complex was only weakly
hyperactivated by RTK pY, possibly suggesting that the ABD and
C2-iSH2 interfaces are already broken in the absence of RTK pY.
The HDX-MS results revealed that in the APDS2 PI3K$ complex
all inhibitory interfaces between the nSH2, iSH2, and cSH2 of
p85a were disrupted (Figs. 2 and 5B); however, in PI3Ka the in-
hibitory interface with the nSH2 is only partially disrupted. Pre-
vious HDX-MS comparisons between PI3Ka and PI3K$ showed
that the nSH2 is more tightly bound to p110a compared with
p1108 (11). Both the HDX-MS and kinase assays indicate that an
intact coiled-coil is required to maintain the nSH2 and cSH2 in-
teractions in PI3K§, whereas the tighter interaction between nSH2
and p110a is able to maintain a partial level of inhibition in the
absence of the full iSH2 coiled-coil. This difference in activation
level in the APDS2 complex of PI3K§ compared with PI3Ka
provides a possible molecular mechanism for how APDS2 muta-
tions in PIK3RI1 phenocopy the APDS1 mutations in PIK3CD.
The basal partial activation in p1100/A434-475 p85a may still be
relevant as an oncogene due to its discovery as being somatically
mutated in endometrial carcinomas (18). The hyperactivation of
the APDS2 complex of PI3Ka by pY compared with WT further
underscores this potential relevance; however, further study will
be required to examine the expression and stability of the APDS2
PI3Ka complex to understand the difference between oncoge-
nicity in germline and somatic mutations.

The p110a isoform is frequently mutated in cancer (3), and
mutations are distributed throughout the primary sequence. The
APDSI1 mutations identified in p1108 are located in similar lo-
cations to oncogenic mutations that have been identified in p110a
(35). One of the major questions is whether mutations in p1108
lead to activation of lipid kinase activity by a mechanism similar to
oncogenic mutations in pl10a. HDX-MS experiments on WT
PI3KS showed that there are four conformational differences
upon pY activation and membrane binding: (i) disruption of the
nSH2 and cSH2 inhibitory contacts, (if) disruption of the C2-iSH2
interface, (iii) reorientation of the ABD relative to the rest of the
catalytic subunit, and (iv) interaction of the kinase domain with
membranes. All of the tested p1108 mutations mimicked or en-
hanced one of these conformational differences. The E525K
mutant led to disruption of the nSH2-helical interface, similar to
the level seen upon WT binding to phosphopeptide. The E1021K
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Fig. 5. Inhibition of APDS1 and APDS2 mutants by the potent PI3K3 in-
hibitor idelalisib and model for activation of PI3K& and PI3Ka by APDS2
mutations in PIK3R1. (A) Inhibition of WT, APDS1, and APDS2 complexes of
PI3KS by the potent PI3KS inhibitor idelalisib. Lipid kinase activity was nor-
malized to kinase activity in the absence of inhibitors. ICso values were
generated from triplicate independent inhibitor dilutions, and error is
shown as SD. (B) Summary of the proposed mechanism for activation of the
APDS2 PI3K8 complex mapped on a schematic model with conformational
changes and kinase activity data summarized.
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mutant led to conformational changes within the kinase domain in
regions that interact with the membrane surface, with similar ef-
fects to those seen in the H1047R p110a mutant. The location of
the cSH2-kinase interface near the E1021K mutation had alluded
to a mechanism of activation through disruption of the cSH2 in-
terface that increases membrane affinity (7); however, we find no
conformational differences in the c¢SH2, implying that this in-
hibitory interface is maintained. The likely mechanism for acti-
vation of E1021K is increased membrane recruitment, similar to
H1047R in p110a. As APDS1 mutations in p1108 and oncogenic
mutations in pl10a both stimulate PI3K activity by similar
mechanisms, we could expect mutations in analogous regions to
oncogenic mutants in p110a in p1108 will cause APDS.

Many of the APDS1 and APDS2 mutants in PI3K3 led to
conformational changes in the active site of the enzyme. Treat-
ment of APDS patients with inhibitors that target either PI3K8
or downstream signaling molecules has been proposed, with
clinical trials for both oral and inhaled PI3K inhibitors having
been announced (NCT02435173, NCT02593539). Inhibitor as-
says carried out with the clinically approved PI3K$§ inhibitor
idelalisib showed that WT, APDS1, and APDS2 variants had
very similar ICsy values. This is an important validation that
APDS mutations can be targeted by p1108-specific inhibitors and
supports a potential therapeutic option for all APDS patients.

Materials and Methods

Lipid Kinase Assays. Lipid kinase assays monitoring hydrolysis of ATP were
carried out using the Transcreener ADP? FI assay (Bellbrook Laboratories),
according to previously published protocols (11, 13), as described in full in
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SI Appendix, SI Materials and Methods. In short, assays were carried out
using lipid vesicles composed of 5% C8 PIP,, 95% brain phosphatidylserine
(PS) (wt/vol) at a final concentration of 0.45 mg/mL, and 100 uM ATP. Ex-
periments with phosphopeptide [mouse platelet-derived growth factor re-
ceptor (PDGFR) residues 735-767 with pY740 and pY751] were carried out at
a final concentration of 1 uM.

Deuterium Exchange Measurements. HDX experiments were set up as de-
scribed previously (36). In brief, HDX exchange reactions were initiated by
the addition of PI3K complexes (1 uM final concentration) to either blank or
pY peptide solution (5 uM final concentration) or a solution containing pY
and lipid vesicles mimicking the composition of the plasma membrane (5%
PIP,, 30% PS, 50% phosphatidylethanolamine (PE), 15% phosphatidylcho-
line (PQ), final concentration 100 pg/mL) for 1-2 min, followed by addition of
98% D,0 solution (10 pM Hepes, pH 7.5, 100 mM Nacl), to a final concen-
tration of 70-80% D,O. Lipid vesicles were prepared as described in S/ Ap-
pendix, SI Materials and Methods. Three time points of on exchange (3, 30,
and 300 s) at 23 °C were carried out followed by addition of a quench buffer
(final concentration 0.8% formic acid, 0.5 M guanidine-HCl). Samples were
then immediately frozen in liquid nitrogen, and stored for no more than 1 wk
at —80 °C until mass analysis.
Complete materials and methods are described in full in SI Appendix.
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